ABSTRACT Erythrocyte factors are concerned in the inhibition of delta-aminolaevulinic acid dehydratase (ALA-D) by lead at 20 to 100 nM concentrations. The activity of the factors is detected in Hb fractions from 
Delta-aminolaevulinic acid dehydratase (ALA-D, EC 4.2.1.24) is an enzyme in the haem biosynthetic pathway that catalyses the dehydration and condensation of two moles of delta-aminolaevulinic acid into one mole of porphobilinogen. The enzyme, a homo-octamer with a molecular weight of 252 000, is activated by zinc ion at 0-1 and 0-02 mM concentrations and inhibited by lead at 1 and 5 EM.'
The ALA-D activity of human blood is inhibited at blood lead concentrations between 200 and 1000 jig (1 0 and 4 8 ,umoles)/l blood, and serves as an indicator of lead exposure. [2] [3] [4] [5] The inhibitory action of lead at low concentrations on ALA-D activity has been a subject of recent interest because of its characteristic properties. The depressed activity by lead exposure can be restored by the following agents or treatments in vitro: gel filtration, ammonium sulphate precipitation,6 or heating of haemolysate,69 or the addition of SHcompounds (such as dithiothreitol (DTT), reduced glutathione (GSH))10-'2 or zinc ion13-'6 to the reaction mixture. Zinc ion introduced subcutaneously to an animal also reverses the lead-inhibition of ALA-D activity in vivo. 17 Although several hypotheses have been raised on Figure 1 shows the pH optimum and heat activation of ALA-D prepared from Sephadex G-25 (a) and G-200 (b) gel filtrations. Results with the enzyme from Sephadex G-25 (a) is similar to those obtained with whole blood7: the pH optimum of ALA-D from a lead worker is slightly lower than that from a normal subject. After heat treatment, the depressed enzyme activity in the lead workers is appreciably restored in the high pH range. These findings indicate that erythrocyte components of low molecular weight have no effect on the inhibition of ALA-D by lead and on its restoration by heat treatment. On the contrary, the inhibition due to lead apparently disappears after Sephadex G-200 gel filtration (b). The effect of heat treatment on the activity of the enzyme from lead workers, however, is different from that of the normal enzyme. The activity of the normal enzyme is decreased by heat treatment in the high pH range, while that from lead workers is rather stable. These results indicate that the effect of lead on the enzyme remains even after Sephadex G-200 gel filtration, and also suggests that certain components with a high molecular weight are concerned in the disappearance of ALA-D inhibition after gel filtration. , --0 --) or from a normal subject (10 1tg/J00 g, -A , --A --) was gel filtrated. (table 1). Fifty per cent of the lead in erythrocyte supernanant from a lead worker is bound to proteins in ALA-D fractions (II). The lead found in ALA-D fractions may be responsible for the different effect of heating on the enzyme activity as seen in fig 1(b) .
To detect the factors possibly involved in ALA-D inhibition by lead, we assayed the inhibitory action of some fractions obtained by Sephadex G-200 gel filtration (figs 2(b) and 3(b, c)). The enzyme from a lead worker with a blood lead concentration of 51 ,ug/100 g is extremely inhibited in the presence of Hb fractions, and the inhibition is partially restored by heat treatment (fig 2(b) ). By contrast, in a normal subject, ALA-D inhibition with Hb fractions is less than that in a lead worker. The slight inhibition is probably the effect of Hb itself20 (fig 3(b) ). The normal enzyme is appreciably inhibited by lead acetate at a concentration of 100 nM in the presence of Hb fractions, and the inhibition is also partially restored by heat treatment (fig 3(c) ). These findings indicate that in Hb fractions factors induce or intensify ALA-D inhibition by lead at low concentrations. In view of the fact that Hb further purified by ion 
exchange chromatography has a similar effect on ALA-D inhibition by lead, Hb itself seems to have such an effect (data not shown). Figure 4 shows the effect of increasing the amount of proteins in the pooled Hb fraction on the inhibition of ALA-D by lead acetate and also on its restoration by heat treatment. Lead acetate at a concentration of 50 nM causes little inhibition (under 3 Y.) in the absence of pooled Hb fraction. As the amount of Hb increases (100 to 2500 ,ug/ml), ALA-D inhibition by lead acetate progresses appreciably. In the absence of lead these concentrations of Hb produce slight inhibition, an effect due solely to Hb. 20 The inhibition of ALA-D activity by lead, which is intensified by the Hb fraction, may be restored by heat treatment. Under our assay conditions, a concentration of 2500 ,tg/ml is derived from blood with 12-5 gHb/dl. Figure 5 shows the inhibition of ALA-D by increasing amounts of lead acetate in the presence of pooled Hb fraction, and its restoration by three agents or manoeuvres. In the presence of the Hb fraction 80 and 100 nM of lead acetate causes more than 90% inhibition, and 10 mM DTT or 100 p,M zinc can restore the activity completely; restoration is incomplete with heating. In the absence of the Hb fraction lead acetate at concentration between 0 and 100 nM does not inhibit the activity of the enzyme (data not shown). Based on these observations, it is clear that factors in the Hb fractions are concerned in the inhibition of ALA-D by lead at low concentrations. Table 2 shows the effect of various treatments on the activity of lead-bound enzyme from a lead worker. In the absence of pooled Hb fraction the activity of the lead-bound enzyme, which has been reversed by gel filtration, is not more activated by heating, zinc, or by DTT. The reversed lead-bound enzyme is reinhibited if it is preincubated with the Hb fraction from a normal subject. The reinhibition is partially removed again by heating, or by the addition of zinc or DTT. The optimum concentration of zinc is 20 ,tM in the absence of the Hb fraction, and 100 ,uM in its presence. An optimum concentration of zinc is dependent on the concentration of Hb (data not shown). Figure 6 indicates the heat stability of the factors found in the Hb fractions. The ability of the factors to restore the ALA-D inhibition is decreased by preheating at 60°C or 80°C. The half life is about 26 min at 60°C and 3 min at 80°C. The ability is not influenced by preheating for 5 min at 60°C. This indicates that the restoration of depressed activity by heat treatment is not due to the inactivation of the inhibiting factors.
Discussion
In the present study we have shown the involvement of erythrocyte factors in the inhibition of ALA-D at low lead concentrations. The ability of these factors to intensify the inhibition of ALA-D by lead was detected in the Hb fractions obtained by Sephadex Sakai, Yanagihara, and Ushio G-200 gel filtration of erythrocyte supernatant.
Highly purified ALA-D is inhibited by lead at 1 and 5 ,uM concentrations (Ki = 1-7 uM),' and the crude enzyme is also inhibited at concentrations exceedings 1 IUM.'6 Both are final concentrations in the assay mixture. Under our routine conditions, lead at toxic concentrations (50-100 ,ug/100 g of blood) are finally between 50 and 100 nM in the mixture, because the whole blood is diluted 50-fold. These concentrations are 10 to 50-fold lower than those in the purified or crude enzyme in vitro.
We have previously suggested that there are two types of ALA-D inhibition in vitro, using whole blood as the enzyme source. group.bmj.com on October 28, 2017 -Published by http://oem.bmj.com/ Downloaded from the inhibition by lead at low concentrations and of the restoration of activity by heat. We may speculate on the non-competitive action of lead (bound to the high affinity site) at low concentrations as follows:
S + E-Pb --E-Pb-S -,E-Pb + P S + E-Pb-F --E-Pb-F-S Although lead bound to the high affinity site(s) does not inhibit enzyme activity without the factor (F), the factor might affect the conformation of enzyme-lead complex (E-Pb), resulting in the failure of dissociation of the intermediate complex (E-Pb-F-S) into the product (p). 22 The inhibition by lead bound to the high affinity site that was mediated by the factors was restored by heating, zinc, or DTT. The restoration of activity by heat may be due to the following, reversible process :19 E-Pb-F -E-Pb + F where the forward reaction is promoted by heat treatment at 60°C for 5 min, and the backward reaction by preincubation at 4°C for 20 hr or 37°C for 3 h. The factors mentioned above may be the same as those suggested by Vergnano et al,6 although ours are not inactivated by heating at 60°C for 5 min, and their action is reversible.19 The nature of the factors remains to be resolved.
The action of zinc or DTT in restoring the activity of the enzyme seems to differ from that of heating. Zinc is most effective and may be essential for the activity of the enzyme since zinc ion restores the inhibition by both low and high lead concentrations. Relatively high concentrations of zinc have an antagonistic effect on the inhibition of ALA-D by lead in vitro.13 Zinc added at a high concentration could replace lead on the enzyme molecule, although lead has a greater affinity for binding with SH-group than zinc.23 DTT has dual effects on the activity through SH-groups on the molecules;24 it not only restores the activity of the enzyme when inhibited by lead but also when inactivated by the oxidation of SH-groups. While the inhibition by low lead concentrations was reversed by DTT, increasing amounts of lead reduced the degree to which DTT restored activity. This suggests that DTT only restores the inhibition due to lead bound to high affinity sites. The recent finding that the addition of zinc to the apoenzyme completely restores the activity if the essential SH-groups are first reduced with SH-reagents is of considerable interest.2' Further study is necessary to clarify the mode of action of zinc, DTT, or the factors in the restoration of leadinhibited activity or all.
